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LHC signals for a 2HDM with Z’' in a neutrinophilic U(1) model
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We consider a neutrinophilic U(1) extension of the Standard Model (SM) under which only a second
Higgs doublet and SM singlet scalars and fermions are charged. The new gauge boson Z’ couples to the SM
minimally, generated by Z — Z’ mixing. As the Z' is very weakly coupled, it can mostly be produced
through the decay of the scalars from the second Higgs doublet at the Large Hadron Collider (LHC).
We discuss the scalar sector of the model in detail and consider decay modes such as (H 5 Wtz h, —
VV,(V=W* Z,7"), A, — hZ'(Z)) that lead to multilepton signals at the LHC from the pair production
of the scalars. We analyze the signal with a representative value of the Z’ mass to show the discovery
potential of the two-Higgs doublet model scalars at the LHC.
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I. INTRODUCTION

The discovery of the 125 GeV scalar at the Large Hadron
Collider (LHC) has completed the search for the Standard
Model (SM) particle content [1,2]. Although this scalar
exhibits properties consistent with the SM, it is still
possible that it could belong to an extended scalar sector.
Extension of the SM scalar sector by any nontrivial
representation of the SM SU(2), gauge symmetry would
introduce new CP-odd and charged Higgs bosons and other
CP-even scalars. As the SM does not contain any CP-odd
or charged Higgs scalars, the discovery of these scalars will
point toward beyond the Standard Model (BSM) physics.
Among the various extensions of the SM scalar sector,
adding an extra SU(2); doublet scalar has been of great
interest and is known as the two-Higgs doublet model
(2HDM) [3]. Unlike more complex multiplets, incorporat-
ing the doublet does not alter the electroweak precision
observable, the p parameter, at the tree level. The 2HDMs
have been used in models to generate nonzero neutrino
mass at tree level (12HDM) [4-6] or radiatively [7]. An
inert 2HDM has been popular in explaining dark matter
(DM) abundance in our Universe [7,8] and 2HDMs
have also been used to address some key issues of the
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SM, such as the strong CP problem and matter-antimatter
asymmetry [9,10].

Although one can introduce additional scalar doublets to
the SM particle spectrum trivially, they would also appear if
the SM gauge symmetry is extended. Many well-motivated
BSM scenarios, e.g., the minimal supersymmetric standard
model [11], type-II seesaw [12], and the left-right sym-
metry model [13], incorporate such additional scalars. In
this work, we focus on such an addition where the extra
scalar doublet appears in a U(1)y extended scenario and
helps in generating mass for the light neutrinos as well as
providing a DM candidate [14]. All the SM fields are
singlets under the new gauge symmetry and therefore
couple to the new gauge boson Z’ through its mixing with
the SM Z boson. The scalar sector consists of an additional
SU(2) Higgs doublet and two SM singlet scalars and we
also include three generations of SM singlet vectorlike
fermions. As the Z’ has very weak couplings to the SM
fermions, the experimental constraints on the Z’ mass allow
it to be much lighter than the exotic scalars that can be
produced directly at the LHC. These scalars can then decay
to the Z' and lead to interesting signals, which we analyze
in this work.

The LHC has carried out searches for both BSM CP-even
and CP-odd scalars, where it is produced directly or
associatively with the SM particles [15-20]. The LHC has
mostly focused on searches of a charged Higgs boson where
it is singly produced in association with top and bottom
quarks [21,22]. Surprisingly, there are no dedicated searches
for pair-produced charged Higgs by either ATLAS or CMS
Collaborations. In this work, we consider the pair production
of all combinations of the scalars belonging to the second
Higgs doublet at the LHC, which then decay to gauge bosons
(HX - W2Z' hy - VV,(V=W*,2,7'),A, - hZ'(Z)).
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The subsequent decay of the gauge bosons can produce
interesting multilepton and multijet signals. We choose an
inclusive 42 + X final state to look for at the LHC. We also
evaluate the current constraints on our model parameters
using the multilepton signal searches at ATLAS and
CMS [23,24]. In a 2HDM, the charged Higgs H* does not
couple to W*Z, whereas in the present model it can couple to
W=Z', giving rise to multilepton final states. Therefore,
ATLAS 47 + X channel study can put constraints on such
models. Our study shows how such nonconventional scalars
can be probed and constrained using the multilepton channel.

This model contains BSM fermions and scalars field
which help generate SM neutrino masses via the inverse
seesaw mechanism and address the DM puzzle of the
Universe [8,25]. The collider signals of the new gauge
boson Z’ in this model have been studied at the LHC, where
the new physics signal is mainly driven by gauge kinetic
mixing (GKM) [25]. Additionally, we have also studied the
scenario where the GKM is very small, and the Z’
production is driven by the SM Higgs boson production
(considering scalar mixings) that decays to the Z’ pair [14].
The signature for an invisible Z’ that decays dominantly to
DM particles was proposed at the future muon collider in
y + E7 final state utilizing the radiative return feature [26].
In this work, we focus on the 2HDM sector of the model
that can have interesting and hitherto unexplored signals
when the Z’ is a by-product of its decay.

The paper is organized as follows. In Sec. II, we briefly
describe the model and its particle spectrum. In Sec. III, we
discuss how the existing multilepton searches constrain our
parameter space. In Sec. IV, we present collider analysis in
4¢ + X final state at LHC with 14 TeV center of mass
energy. Finally, we summarize and conclude in Sec. V.

II. THE MODEL

We consider a BSM model where the SM gauge
symmetry is extended with an additional U(1), gauge
symmetry. Apart from the SM particle content, the model
contains two SM singlet scalars (S, S,), three generations
of two chiral fermions (N? , N%) that are SM gauge singlets,
and an additional SM SU(2) doublet scalar (H,). The
charge assignment of these new particles along with the
SM-like scalar doublet H are presented in Table I. The SM
fermions do not transform under the new Abelian gauge
symmetry and are inert to the new U(1). The Lagrangian
containing all the BSM fields and H| is given by

‘CBSM+H1 = ‘Cvector + ['fermion + Lscalar' (1)

The covariant derivatives for the fields H,, H,, S, S,, and
Ny are defined as

TABLE I. New fields and their charge assignments under the
SM gauge group and U(1)y.

Fields SUB)exSU12), xU(1)y x U(1)y Spin
Ni (1,1,0, 1) 1/2
N (1, 1,0, 1) 1/2
H, (1,2,-1.,0) 0
H, (1,2,-1,-1) 0
S (1, 1,0,2) 0
S, (1,1,0,-1) 0

6[1
2
6(1
2
DY =9, -2ig,C

I’y

e 9
W” +lEBw

l)/(lHl> = aﬂ - igZ

D wa+ il B, +ig.C,.

:(3”—1'92 3

S, . Ni/r .
DI =9, + ig,C DY =4, —ig.C,.  (2)

W
where B,, Wj, and C, are the gauge fields of the
SU(2),,U(1)y, and U(1)y gauge symmetry, respectively,
with their corresponding gauge couplings given by ¢, ¢,
and g,. The kinetic part of the gauge fields in this model is
given by

1 1 1 1
a,uv a b.uvyyb v v
£~ GGl — Z WH W), — BB, ~ 1 C"C,,

1.
+ EQBWCW (3)
where Gy, WZ,,, B,,,and C,, are the field strength tensor of

SU3)¢,SU(2),..U(1)y, and U(1)y gauge bosons, respec-
tively. The term %LE;B’”’C w 10 Bq. (3) represents the gauge
kinetic mixing between the U(1), and U(1)y gauge fields.
After the spontaneous breaking of gauge symmetry, the
gauge boson corresponding to the broken generator of the
gauge group becomes massive by absorbing the Goldstone
mode of the scalar. The SU(2) x U(1), gauge symmetry is
broken to U(1),, when the scalars H, and H, obtain
vacuum expectation value (VEV), while the U(1)y gauge
symmetry is broken when all BSM (H,,S,S,) scalars
acquire their VEVs. The VEVs of the scalars H;, H,, S,
and S, are denoted by v, v, v, and v, respectively. The
masses for the gauge bosons are derived from the kinetic
term of the scalars given by

L > (D*H,)'D,H, + (D"H,)'D,H, + (DS)'D,S
+(D,S,)'D,S>. (4)

This model has three neutral gauge bosons. After diagonal-
izing their 3 x 3 mass matrix, we find one of them is
massless, which is the photon. The mass of the other two
physical neutral gauge bosons Z and Z’ is given by (see
Appendix C)
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1
M, = [g%vz + g2v* + 49,903 + 43 (v3 + 47 + U?Z)}

8

1
F gV (9207 + 49,903 + 4R (03 + 402 +12) = @07 + 42 (g0 + 29032, (5)

where g, = \/¢? + ¢3 and ¢, = —2L. The mixing angle ¢/
between Z and Z' is given by v

3

2g.(gv* + 2g,03)
20+ 4g.g,v35 + 4g3(v3 + 4u5 + v5,) — g2v*

(6)

tan20’ =

The Z and Z’ bosons obtain longitudinal components by
absorbing one pseudoscalar each, whereas the W* bosons
absorb a charged scalar. This results in a physical scalar
spectrum comprising four CP-even neutral scalars, two
CP-odd neutral scalars, and a singly charged Higgs boson.
The mixing between the Z and Z’ bosons can alter the Z
boson mass and its couplings to SM fermions. Since
properties of the Z boson, such as its mass, decay width,
and branching fractions to SM modes, have been very
precisely measured at the Stanford Linear Collider and the
Large Electron-Positron collider, these measurements im-
pose stringent constraints on the Z — Z’ mixing angle & to
be <1073 [27]. In Fig. 1, we illustrate the dependence of &
on the mass of the Z’' boson (M) and the redefined GKM
parameter ¢,, where we have set tanf = v,/v; = 1074,
vy =10 GeV, v, =97.98 GeV, M, €[50,150] GeV,
and ¢, €[107%,1073] to generate the distribution. In the
right panel of Fig. 1, we plot ¢ for three values of
tan = 1071,1072, and 10~ with M, €[95,150] GeV
and ¢, = 107*. It is clear from the figure that tanf ~
O(1072) has an upper limit to satisfy the Z — Z’ mixing
angle constraint. As evident from the figure and the
expression for tan 2¢’, the mixing angle € increases with

107!
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FIG. 1.
tan 8 with M, €[95,150] (right).

|
increasing tan 8. Consequently, for a light Z' boson, the
constraints require ¢, < O(107*) and tan has an upper
limit [SO(1072)] to remain consistent with the &' limits.

The Lagrangian terms containing kinetic and interaction

of the BSM fermions are given by

Lrtemion=IN1y*D, Ny +iNgy*D,N g — Y, HyNp
—YRSNRNIg—YLSNLNE—MNNLNR+H.C. (7)
After symmetry breaking, the SM neutrinos become

massive in this model via the inverse seesaw mechanism
[25]. The mass terms for the neutrinos are given by

ﬁlr/nass — —%YyDLNR —%YRNigNR - MNNLNR
_ %y, NN, +He., (8)

V2

where m, :szy/\/E, mr=+20,Yg, and m; = 2v,Y;.
For m;,mp < mp, MN, the neutrino masses can be
approximately written as

2
mpmy,

©)

my,, ~—

M,zv—l—mD’

(72
MNmL

1 Vel 2
ml,H.H, ﬁ§<m+mlg> F MN+mD. (10)

For simplicity, we choose Yz = 0. The O(0.01) eV neutrino
mass can be achieved with the choice of parameters

107140
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Variation of the Z — Z’ mixing angle ' on M, and the gauge kinetic mixing parameter ¢, (left). The value & for three values of
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TABLE II. The coupling of the fermions with different scalars
of the model. Z" and Z* are the orthogonal matrices that
diagonalize the CP-even and CP-odd scalar mass matrices.

Couplings for hi—f—f A-—f—f —f=f
Z} Z YSM ¢

gf Y? M cos]ﬁ ?M cosf} Y anﬁ

Y, ~0(0.1), v,~0O(1), nv~1TeV, and my~

O(1073%) GeV [25].

The Yukawa terms in the Lagrangian that provide masses
and the mixing for the quarks and leptons are written as
follows:

|

;C D —Y;jiLlH(ljeR] - YﬁijQLlH(lde] — Yf,sziHll/le + H.c.

(11)

To get the correct masses and the mixing for the charged
quarks and leptons as in the SM, their Yukawa couplings
with H; need to be adjusted as v; < v. This can be

ySM \/2 ,
7 SM __ V2my
osp where Y =

The expression for the coupling of the scalars with SM
fermions is listed in Table II.
The scalar potential of the model is given by

achieved by considering Y, =

V(H|,H.S,8,) = H{H| + uyH3Hy + u,STS + pg, S, 7Sy + 2 (H{H, )? + A (HYH,)? + 44(STS)? + A, (S,7S,)?

+/112(H;H1

+ A5, S788,78, + 4,

The inclusion of the scalar S, in the model is essential.
Without this field and, specifically, with its assigned U(1)y
charge, a real pseudoscalar Goldstone boson would emerge
due to the presence of a global U(1) symmetry in the scalar
potential where ¢ — ¢e™C for ¢p€{H,, H,,S}. When
these scalars acquire their vacuum expectation value, this
symmetry is spontaneously broken, resulting in a massless
pseudoscalar in the model. The scalar S, breaks this global
symmetry explicitly given by the coefficient of the u,;,
and Ay terms, preventing the emergence of the massless
pseudoscalar.’ The VEVs can be obtained by minimizing
the potential, which gives rise to the following tadpole
equations:

]*12 + )/12 1]2 Als”? + /11s2 ng
2 2 2

Uy Uy,
+ Eh (AT/US - \/5/’“23'2) = 0’ (13)
2’1]1

wy + A0t +

Ao+ Ay 5 Aagty Aoy, 03,
2 2

nv 1%,
+ = 20 v, </1Tvs fﬂ12so> _0 (14)

Hy + Apv3 +

R YR !
L R R N B al Ry

2
/UI/U2/USZ/1 ’1]32

= 0’
27)‘;‘ \/i Hs,s

(15)

'Such a massless particle can be constrained by stellar cooling
[28], meson decay [29], cosmology (big bang nucleosynthesis, N )
[30-32], and Higgs decay [33,34]. We find that the strongest limit on
the coupling of a massless particle to SM particles comes from the
stellar cooling bound, with a constraint of tan # = O(1077).

)(H3Hy) + Ay (HH, ) (STS) + Aoy (HSH,) (STS) + Ay, H H,S5%S, + Aoy HYH, S, 'S,

2 1
‘ — {p125,S2 H{ Hy + 1,38 — A7 S,SH{H, + Hee.}. (12)

A A
Isy 2 25, 2 552 v?
; Tty

Vv
+ =2 </1T/Us - \/ZMIZSZ) - \/E/’ls2svs =0. (16)

2y,

Hs, + A, V3, +

The scalar fields can be expanded around the VEVs and
written in the following form:

vitpiFin Vatpytin
H, = < \/? ) H, = ( ‘/f )
& #3

v, + Py, + Ny,
s

vs +pg + ing

S = ,
V2

S = (17)

After the spontaneous breaking of the electroweak and
U(l)y symmetry, the particle spectrum of the model
contains four CP-even, two CP-odd, and a pair of charged
scalars. Collecting the relevant quadratic terms and impos-
ing the tadpole equations, we can write down the mass
matrix corresponding to the charged scalars in (¢p7¢5)7
basis as described in the following equation:

2
Hi2 /12) ( v —011}2)

M: === _"12 . 18

- (201”2 2 —vvy, v} (18)

Here we define p;, as sz(\/iﬂlzxz — vydr). The charged
scalar mass matrix can be diagonalized by an orthogonal
transformation with an angle f = arctan(Z—f). One of the

charged scalars is a Goldstone boson that is eaten by the W
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boson, while the other one remains physical with mass
given by

where v = /v] 4+ v3 ~246 GeV. The physical charged
scalar is denoted as HT = —sin fip| + cos b5, which is
orthogonal to the charged Goldstone boson.

Moe — Hia Aﬁ (19) The mass m.atri{( for the CP-odd scalars in the basis
1 2o, 2 ) (1,12, 154 1y,) is given by
|
) 1 1 » =
QD;IHIZ 2 H12 ivzvszﬂr %ﬂlZ
1 1 =
—5H12 2”1}2/412 —51}1”‘;2% —%Mlz
A 1 1 vy V1V Vg 1 5
V2V Ar =301V, Ar Hsys 7oy = AT 35 =3V Uy + \/Eﬂszs vy,
)) — )| — 1 Hi2s, V102 Dy Vg
F i -3 fin —Lvwdr + V2u,,0, N Ar ”]z:f + 2V 2u,, v,
52 2

where ji;, = (\/5/4,252 + v,Ar). Diagonalizing the CP-odd
scalar mass matrix, we find two zero eigenvalues corre-
sponding to Goldstone bosons, which are absorbed by the
Z and Z' bosons, rendering them massive.

The CP-odd scalar mass eigenstates can be written as
linear combinations of the interaction eigenstates as

(21)

13

A; = Zj;.

where Z?]- represents the mixing matrix for the CP-odd states.

U2
miy = 240} +2—vlﬂ12’
1 V2 U0 Ap
2 2 $2 52
mi; = 24,02 +— -
33 sYs \/Eﬂszs v, 2”3

1 1
m%4 = /11X27)11)S2 + (%) (5 Us/lT - Eﬂnh) s
1
miy = (Aip + Ay) o105 — 3 Usz(\/iﬂlkz — V7).

= (din + Ap)v1v + (M3),

1 1
m3, = Aoy, V205, + 1 (5 VAt — ﬁﬂuh),

= A, V205, + V1 VA + (M3)

Diagonalizing the mass matrix, the mass eigenstates can
be written as linear combinations of the interaction eigen-
states as
— 7h
hi = Zlp;,

1

(23)

where Z{-“j represents the diagonalizing orthogonal matrix for

the CP-even states. We denote these four mass eigenstates as

Similarly, we find the following mass matrix for CP-even
scalars using tadpole equations in the basis (p1, p.p;., s, )

2 2 2 2
myy mi, mi; miy
2 2 2 2
M2 — myp ma My Moy 2
H = 2 2 2 2 | ( )
msz, Mys ms33 M3y
2 2 2 2
miy may m3y My

where

v
2 _ 2 1

my, = 2/12U2 + 3 Hi2s
Uy

U0y VU VAT

\/jysz 2v ’

$2

2 2

My, = 2132 Vs, + Hi2s,
5 1

miz = A0 0 +§U27)s2/1T’

1
2
m23 = AZSUZUS + EvlezﬂT’

= /125'7]27]3* + Ulvsz/lT + (M,%\)Z?a’

1
m§4 = EEIUZAT + </1ssz Vg — \/Zuszs)vsz’

hy, hy, hs, and h,. The mass eigenstate /1, can be identified as
the observed SM Higgs. This can be achieved by considering
asmall value for the tan = Z—f < 0(0.01) and scalar quartic

couplings of H; with the other scalars. As a result, the &,
scalar dominantly comes from the H doublet. For the higher
tan # value, to obtain the SM like Higgs we only keep
the mixing of p; with p, and work in the alignment limit.
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FIG. 2. The mass difference between the pseudoscalar A, and the CP-even scalar &, as a function of tan # and M, (left). The mass
difference between the charged Higgs boson H* and the CP-even Higgs boson 7, as a function of 4}, and M- (right).

The alignment limit condition for /4, to be the SM is chosen
by keeping the mixing angle between p; and p, equal to j.
The mixing of p; and p, with p; can be made small by
choosing minimal values for Ay, 11, and 1. Similarly, the
cross term between p; and p, with p, can also be made
negligible by choosing appropriate values of 4, and 1,,, to
cancel the term containing y,,,, terms, respectively. With this
choice of parameters, the SM Higgs scalar mass and
couplings are obtained accordingly.

In the left plot of Fig. 2, we show the mass difference
between the pseudoscalar A, and the CP-even scalar h,.
The plot is generated by making the mass mixing elements
of pg, py, with py, p, to be vanishing small by choosing an
appropriate relation between the parameters as discussed
above. In this scan, we have varied tan f € [10‘3, 1.0] and

€ [200,400] GeV and the parameters A;, 4, and 5,
are determined by the M, , M, , and mixing angle f. In
addition, we have fixed v, =10 and v,, =229 GeV,
respectively. The motivation for choosing such a hierar-
chical VEV for the singlet scalars is to ensure that all the
singlet scalars are heavier than the doublet scalars. This can
be understood from the explicit form of m3; and m73,. From
the plot, one can see that for larger values of tanf a
significant mass difference between the A, and h, can be
possible. The mass difference is controlled primarily by the
A, parameter. Here we have fixed 2/, to be small so that the
H* mass will be nearly equal to the s, mass. For this plot,
the SM Higgs properties are ensured by working in the
alignment limit. In the general 2HDM, when working in the
alignment limit we find that the cubic coupling between the
second CP-even Higgs and the two gauge bosons
(h,WtW~, hyZZ) does not exist. However, in the present
scenario, as the H, is charged under the U(1)y gauge
symmetry, h,ZZ coupling can be induced due to the
presence of Z — Z' mixing. As the @ increases with an
increase in tanf, for a large value of tanf the h,ZZ
coupling increases. Therefore, existing searches on BSM

scalars restrict our parameter space, which we have shown
by the solid black line in the plot. We find that search
channels such as pp — h, — 42,2¢2q,2¢E; [17] and
gg = Ay — Zh; — 2£2b [19] constrain our parameters;
these search channels are incorporated in the public
package HiggBounds [35]. Thus, the hatched region is
disallowed by the existing searches on the BSM scalars.
The large mixing angle @ can also alter the h,ZZ
coupling, which can get constraints from the Higgs signal.
We find that this constraint is less stringent than the
HiggBounds constraint. Because of mixing between Z and
7', the mass of the Z boson deviates from its precisely
measured SM value, M, = 91.1876 £+ 0.0021 GeV [27].
The red dashed line represents the constraint on tan /3
imposed by the measurement of the mass of the Z boson.
As the mixing angle &' increases with an increase in tan f3,
the region above the red dashed line is excluded because
the Z boson mass drops below its observed lower limit.
The most stringent limit on the parameter space comes
from the Z — 7' mixing angle ¢'. In the plot, the blue
dashed lines imply @ = 1073 for two values of g, = 0.5
and 1.0. Therefore, the & constraint rules out the region
above the blue lines. All the scanned points are with
g, = 0.5; for g, = 1.0 we showed the value of tang at
which @ reaches 1073 rad. Therefore, to satisfy the &
constraint, tan 8 < 1072 is required.

For tan # < 1, the diagonal element in the second row of
the mass matrices of the CP-even and CP-odd scalars is
much larger than the off-diagonal entries. Therefore, the
second eigenvalue of these mass matrices will be nearly
equal to the (2,2) elements of these matrices. Comparing
the second row for the mass matrices of CP-even and CP-
odd scalars, we find that the (2,2) elements of these
matrices are nearly equal for tanf < 1, and therefore h,
and A, will be nearly degenerate in mass. In the limit
Ar =0, v, <, and v, < vy, the masses of the two
physical CP-odd scalars become
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2 Hi2s, Vs, v? U%U%
My, ~ I+—=—],
V2,0, Vs,V
M3 =B 42 402, (24)

V20,

The scalar A, predominantly comes from the CP-odd
part of the second Higgs doublet, while the A; mainly
comprises the CP-odd part of the singlet scalars. In this
limit, h, is predominantly from the H, doublet with mass
my, = \/uy; cot f, while the other two mass eigenstates /13
and hy are linear combinations of the two singlet scalars S
and S,.

In the right plot of Fig. 2, we show the mass difference
between the charged Higgs boson H* and the CP-even
Higgs boson h, as a function of 4|, and M:. Note that
Ay = =244, and A}, + 41, > =24/ 4, to satisfy the
stability of the scalar potential [36]. By choosing a suitable
value of 1{,, the charged Higgs can be made heavier or
lighter than %, and A,. In this scan, we have considered
tanf = 1072 with v, = 10 and vy, = 229 GeV. For the
given value of tan /3, the mass difference between /1, and A,
as seen from the left plot is small. The scanned points with
tan = 1072 are allowed by the HiggBounds, HiggSignals
[35,37], and Z — Z' mixing angle constraints. We find that
the electroweak precision observable T parameter restricts
our parameter space when the mass difference between
My- with M, , and M,, is ~90 GeV. The measured
value of the T parameter is 7 = 0.09 +0.14 [38] and
the T-parameter constraint rules out the blue-shaded region.

III. BSM SCALAR SEARCHES

In this work, we study the signals from the BSM scalars
hy, A,, and H* that couple very weakly with the SM
fermions when the Z' is light. As the coupling strength
depends on tan 3, the upper bound of 102 does not allow
any SM fermion to have large couplings with the 2HDM
scalars. Hence, their direct production in association with
the heavy quark flavors (¢th,, tbH™) is negligibly small, so
the constraints from the existing scalar searches at LHC
will not be applicable in this scenario. However, these
scalars can be produced in pairs at LHC, mediated by the
SM gauge bosons. When these scalars are produced at
LHC, they can decay into SM particles and, more interest-
ingly, into BSM modes too. This work focuses on the
scalars decaying into the mode containing the Z'. The
relevant couplings of these scalars with gauge bosons have
been listed in Table III.

Now we focus on various decay channels of the BSM
scalars H*, A,, and h,. The expressions for the decay
widths of these scalars to various channels are given in
Appendix B. In Fig. 3, we show the branching ratio (BR) of
BSM scalars to SM modes and the modes containing
at least one Z’ for two values of the gauge coupling

TABLE III.  The coupling of the scalars H*, h,, and A, with
gauge bosons.

Vertices Couplings

H*W} Z, —1929xV2 CO8 3G,

mZ,Z, 2i((40, 25 + 0, 25) 3 + 120323390
hZ,Z, —i1,Z8[g:91 sin Oy + 929, c0s Oy g,
HEA,W,} %2 [cos BZ3, —sin /321241](1%2 — Pu* ),,

H= W % [cos pZ, — sin BZ3](pn, = Pu+),

A Z, 9:(2255 215 = Z5,Z3,) = 9 Z5Z5)(Pa, = Piy),,
ArhyZ, %(91 sin@y + g, cos Oy ) [ 25, 25 + 25,25 (Pa, = Pi, ),,

g, = 0.575and g, = 0.2 with M, = 115 GeV. We assume
the BSM neutrinos to be heavier than the scalars H*, A,,
and h,; therefore, they are not kinematically accessible as
decay modes. The left plot in the top panel of Fig. 3 shows
that H* decays to the W*Z' with around 10% probability
for g, = 0.2. Its BR to this mode increases with g,, as the
interaction strength is proportional to g,. The mixing with
the SM scalar drives the SM decay modes and it mostly
decays to tb in the SM modes. The small dip in the BR of
H™ - WtZ' at M- ~ 205 GeV is due to the opening of
the 7y W' decay mode. Note that the BSM mode will
increase for lighter Z' mass for a fixed value of g,. From the
top right plot of Fig. 3, we find that the pseudoscalar A,
completely decays to the SM mode, which is represented
by the sum of bb, gg, and h;Z modes when the h,Z’ is
kinematically disallowed. As the h;Z' decay mode
becomes accessible to the A,, this mode takes over and
remains dominant until the 7 channel opens up at
M,, > 350 GeV. In the bottom plot of Fig. 3, we have
shown the corresponding decay channels of the CP-even
scalar h,. The h, decay to SM modes comes mostly from its
decay to WTW~ and ZZ when the ZZ' and the Z’Z’ modes
are not kinematically open. As these modes open up, they
begin dominating the decay probabilities of %,, and the SM
decay modes are suppressed. The slight rise seen in the BR
of the SM mode at M, = 250 and M, ~ 350 GeV is due
to the opening of additional decay modes (h;h; and ¢f)
which becomes kinematically allowed. Note that the decay
mode of these BSM scalars containing at least a Z’ increase
with g, as these scalars carry U(1)y charge.

The processes shown in Table VI are the relevant
channels for producing the BSM scalars at the LHC.
After all the decay cascades of the unstable particles
culminate in stable states, we will be left with jets, leptons,
and photons in the final state. The coupling of the Z’" with
SM fermions and the formulas for its decay branching
fraction to SM fermion modes are in Appendixes A and B,
respectively. The decay branching fraction of the new
gauge boson Z' to SM modes is shown in Table IV for
My, =115 GeV with ¢, = 107* and tan# = 107*. As at
LHC, many searches for the BSM signal have been
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FIG. 3.
respectively, with M, = 115 GeV.

performed with various final states containing the stable
SM particles; therefore; it is necessary to check whether our
parameter space is constrained from these searches.

We find that the most stringent limits on our parameter
space come from the 47 searches carried by the ATLAS
Collaboration [23] at the LHC with 13 TeV center of
mass energy. This search measures the differential distri-
bution of the SM 4¢ background for various observables

with additional particles allowed to be present in the event. 30
The selection criteria for the leptons are pr, > 7(5), = o5
pr, > 20, pr, >10,and M-,- > 5 GeV, and In| <24, =
ARy, > 0.05, AR,, > 0.1, and AR, > 0.3. This analysis € 20
has been included in the public package Rivet-3.1.4 [39], S 15
which we have used to compare our results with the g_ 10
experimental findings. This package provides YODA [40] =

S 5

TABLE IV. BR of the Z' to different decay modes for two

values with ¢, = 107, tan# = 107, and M, = 115 GeV. The
¢ corresponds to the electron and muon.

Branching ratio of BSM scalars to different decay modes. The dashed and dotted lines correspond to g, = 0.575 and g, = 0.2,

files, which are then taken as input for the package
Contur [41] to yield constraints on our parameter space.
To extract the bounds on our parameter space, we evaluate
the cross section of the processes shown in Table VI at
\/s = 13 TeV at the LHC, which is plotted in Fig. 4.

H Ah, B AH® m hoH* m HYH™

0 . . . . .
200 220 240 260 280 300 320 340
MScaIar [GeV]

FIG. 4. The cross section of the processes pp — ¢,

BR% BRZ, BRf,u; BRZ. BRZ at /s =13 TeV, where ¢,,¢,€{A,, hy, HE}. The scalar
0.350 0.232 0.210 0.138 0.069 masses (A,, h,, HT) are considered in the range Mgqy,, €

[200,350] GeV.

095011-8



LHC SIGNALS FOR A 2HDM WITH Z' IN A ...

PHYS. REV. D 112, 095011 (2025)

m Ah, B AH® m ho,H* m H*H™ m Total

100 s m—————— =T :
S NS e Y N MR it S
S SEeo el T P PR ~s2d
~
1 -~
80',’1 VRt S~os
1! 4 N RS
° ,l /’ S el Teeel
2 ~ ~<
° 601 / Ss< ~J
c 1 , ~d
= 1 e = ~
- /’ Sl
o 40f ; PSR i
\
)'\_’* /I R S -~
20/ =y oo
P T —
ol Bt S A
B I it i inh R P
’

0 - L 1 1 L L L 1
200 220 240 260 280 300 320 340
MScaIar [GE'V]

FIG. 5.

m Ah, B AH® m h,H®* m H*H™ m Total

100
80 1
X 60} e ]
£ el
d 40 S T B R TOUNNPE CLLLL LN 1
20 T

0 Y e [ Ssenotepmmmey dansemmaus ol
200 220 240 260 280 300 320 340
MScaIar[GeV]

Exclusion plot from the ATLAS 47 + X searches for M, = 115 GeV with g, = 0.575 (left) and g, = 0.2 (right). The scalar

masses (A, h,, H*) are considered in the range M, € [200, 350] GeV. The black dot-dashed line corresponds to the exclusion limit

at 90% confidence level (CL).

We find that the invariant mass of the opposite-sign-same-
flavor (OSSF) leptons constrain our parameter space most.
The exclusion limits on the parameter space obtained from
the package Contur have been plotted in Fig. 5 for two values
of the gauge coupling g, = 0.575 (left plot) and 0.2 (right
plot) with M, = 115 GeV. From the left plot of the figure,
we find that, when the BR of A, and &, decay via the Z’' mode
are small, the exclusion from the ATLAS 47 + X search is
very weak. When all the scalar production modes containing
7' decays open up, a much more stringent bound appears at
M gaiar = 240 GeV. We find that, for heavier scalar mass, the
cross section for all the relevant processes starts falling, and
therefore, the bound from the 47 + X search also becomes
weaker. The subprocess that contributes the most to the
exclusion plotis the pp — h,H*, although it has an almost
equal cross section as the pp — A,H* process. This
happens because one can get a maximum of three Z' bosons
from h,H* production and the subsequent decay of the
scalars. Therefore, it has the largest effective 4¢ + X cross
section. Similarly, the process pp — A,h, that occurs via
the Z boson mediation is found to have the smallest cross
section among the four processes listed in Table VI.
However, the pseudoscalar A, decays to h;Z' with very
large BR (Fig. 3), and therefore, it gives the second largest
contribution to the 42 + X final state, as can be seen from
Fig. 5. In the remaining two processes, the pp — H~H™ has
a lower production cross section and contributes least to the
four lepton signals. The constraints can be evaded by
varying the new gauge coupling g, as it controls the decay

TABLE V. BR of the heavy neutrinos to different decay modes
for two values of g,. The decay width of process vy — v,Z’
increases with increase in gauge coupling g,.

G BR';Z - BRZ;’Z BRZfZ, BR';;’ iy
0.575 0.535 0.230 0.181 0.054
0.2 0.636 0.274 0.026 0.064

BR of the scalars into modes containing Z’. This effect can
be seen from the right plot of Fig. 5 with g, = 0.2. For Z’
lighter than the Z boson, the BR of the scalar decay modes
containing Z' is larger than that of the heavier Z’ case for a
given value ¢, due to the phase space enhancement.
Therefore, the ATLAS 4 + X search can help put stringent
constraints on light Z’ scenarios that appear as decay
products of BSM scalars produced at the LHC. Similarly,
this signal also forms a useful channel for looking at a
scenario such as ours in the multilepton final states. We have
also used the public package CheckMATE [42] to find
constraints on our model. We considered all the search
channels encoded in this package and we find that only the
multilepton channels with missing transverse energy,
derived in the context of electroweakino (charginos and
neutralinos) searches in supersymmetry, appear to constrain
our parameter space [24] mildly. However, these constraints
are much weaker than those in Fig. 5.

We briefly comment on other possibilities for the scalar
search in the model at the LHC. In the scenario where the
heavy neutrinos are lighter than A,, h,, and H™, these
scalars can decay to the heavy neutrinos and the SM lepton
via the Y, coupling. These decay modes are dominant when
Y, is of the same order as the couplings listed in Table III,
which govern the decay of the scalar to the mode contain-
ing Z'. Note that in this model the mixing angle between the

TABLE VI. The production and decay modes for different
BSM scalars that primarily belong to the H, doublet field, at the
LHC. For their subsequent decay, we consider those modes that
can give rise to 47 + X final states with appreciable branching
ratio.

Process Mediator

pp—>H+H_ }//Z
pp = H*h, W+
pp = H*A, W+
pp = hhA, VA

Decay

H* - W*Z'
H* > W*Z' hy - 72'7'/727' | ZZ/WW
HY - W*Z', A, = Z'h,/ Zh,
h,—=Z7'7'/27' |ZZ/WW, Ay = Z'h, ] Zh,
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TABLE VIL

Masses, total cross section of pp — > ¢, ¢h,, where ¢, ¢, € {A, h, H*}, BR of the scalars to relevant channels for

three BPs, and CL exclusion limit from the ATLAS 4# + X search. The mass of the Z’ is fixed to M, = 115 GeV for all BPs.

oS g, ™ My (Gev) g, BRED, BR}, BRZ, BRE BRp,  BR, BRp, CL (%)
BPI 20.67 300 03 0197 0109 0513 0034 0076 0880 0100 724
BP2 10.98 350 04 0354 0318 0564 0010 0021 0957 0027 682
BP3 6.23 400 05 0520 0609 0274 0002 0003 0461 0005 519

light and heavy neutrinos |V,y[* ~ (£2)> must be <107

N
for O(100) GeV heavy neutrino mass [43]. For
O(100) GeV heavy neutrino mass, we find that Y, ~
0(0.1) is allowed from this constraint with v, ~2 GeV.
The correct light neutrino masses for these points are
obtained by choosing appropriate Y, . The scalars of mass
>200 GeV with ¥, ~ 0(0.1) decay to a heavy neutrino of
mass 150 GeV and a SM lepton with ~0.98, thus rendering
the decay of these scalars to the modes containing Z' to
negligibly smaller BR of ~1% with g, = 0.575. The heavy
neutrinos decay to SM leptons associated with W, Z, Z/,
and £;. The branching fraction of heavy neutrinos to their
various decay modes is shown in Table V for two values of
gy = 0.575 and g, = 0.2. The decay width of the process
vy — vyZ' is directly proportional to g2; therefore, the BR
of heavy neutrinos to this mode increases with increase in
g,. When the scalars A,, h,, and H* decay to SM leptons
and heavy neutrinos followed by the decay of heavy
neutrinos, the stated modes can give rise to multilepton
final states. The multilepton final state in the context of a
neutrinophilic Higgs doublet model has been studied before
by one of the authors [44], and so we do not consider
analyzing this interesting channel in the present work.
However, it is worth pointing out that, in this model, we do
find that, when these scalars decay dominantly to the heavy
neutrinos and SM lepton, it is severely constrained by the
ATLAS multilepton search where the invariant mass of the
four leptons constrains the parameter space with the lighter
heavy neutrino states more stringently.

Another interesting feature of this model is that the Z'’
can decay to SM leptons at one-loop level with the heavy
neutrinos and A,, h,, and H * running in the loop [14]. This
mode becomes relevant when the GKM parameter is
vanishingly small (~107) and the contribution solely
comes from the one-loop decay, as this can exceed the
tree-level total decay width. Therefore, the Z' decays only
to the charged leptons and light neutrinos and becomes
completely leptophilic. One-loop decay width of Z’ for this
process depends on the Yukawa coupling Y,, g,, and the
masses of the particles running in the loop. We find that,
when the loop decay is dominant, the Z' can decay to
charged leptons and the neutral lepton with equal proba-
bility. Each heavy neutrino couples with different flavors of
the SM leptons, therefore, Z' can decay to flavor violating
modes, e.g., eTuT, e*rT, etc. This flavor violating decay
mode of Z' can be up to 25%, which can be obtained by

suitably choosing Y,. Because of this large BR of Z' to
charged lepton, the constraint from the above-mentioned
multilepton searches becomes more stringent. However,
with such a large BR to charged lepton modes heavier BSM
scalar can be probed. Additionally, the invariant mass peak
in the opposite-sign-different-flavor pair of leptons due to
the presence of the Z' will provide an extra variable to
distinguish the signal from the SM background. The current
mass range that we consider for the scalars and Z’ in this
work is found to be ruled out by the ATLAS multilepton
analysis unless the g, is chosen to be small.

IV. COLLIDER ANALYSIS

We now evaluate the search prospect of the BSM scalars
at the LHC arising from the H, doublet. In the limit
tanff~ 107* the dominant production mode of these
scalars is presented in Table VI. After production, these
BSM scalars can further decay into gauge bosons. To
calculate the production cross section for the signal at the
14 TeV run of LHC, we have considered all four production
modes that are mentioned in Table VI. Note that the
enhancement in the production rates of the different modes
ranges from 15%-20% compared to the rates at /s =
13 TeV of the LHC shown in Fig. 4. For all benchmark point
(BPs), the CP-even scalar h, dominantly decays either via
ZZ7' or Z'Z' modes and the CP-odd scalar A, decays into
Z'h; mode. In contrast to that, the H* branching ratio to the
WZ' mode can vary depending upon the BP choice. In
Table VII, we show the branching ratio of these decay
channels for different benchmark scenarios. All the other
scalar sector parameters are described in Table VIII. The
gauge bosons that arise from the heavy scalar decays can
give rise to different multilepton final states. For the present
study, we only consider the more sensitive 42 + X final state
and investigate the discovery prospect of this channel in
terms of the BSM scalar searches.

To generate the signal events, we have implemented the
BSM model in the SARAH [45] package to obtain the
universal FeynRules file [46]. The particle masses and decay
width are generated using the package SPheno [47]. The
dominating SM background corresponding to this final
state comes from the following subprocesseszz

The background process pp — 4£ + jets consists of three
subprocesses pp — 4¢, pp >4+ 1), and pp - 40 + 2],
where pp — 47 is the most dominant background.
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TABLE VIII.  Other relevant parameters of the model that we have fixed throughout the analysis.
/11 2’2 }'3 )'4 /11.9 223 }“s )'sz }“ssz ,ussz (GCV) Vs (GeV) tanﬁ g;c
0.129 1.0 0.005 0.005 10~* 10~ 1.0 3.0 1.0 150.0 10.0 10~* 1074

pp = VVV,
pp —> WZ/Vh,

pp — 47 + jets,
pp — tiV/tth,

where V = WT, Z. Both the signal and background events
are generated using the MadGraph (v2.6.7) [48] at the parton
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level while fixing the center of mass energy to 14 TeV.
These parton level events were then passed to Pythia8 [49]
for the showering and hadronization. The detector effects
were incorporated using the Delphes-3 [50] simulator. Finally,
the signal and background events were analyzed using the
MadAnalysis5 package [51].
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FIG. 6. Normalized distribution of the kinematic variables for 47 + X final state at the 14 TeV LHC.
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We begin our analysis by demanding at least four charged
leptons N, > 4 in the final state. We ensure the isolation of all

reconstructed objects by fixing AR = \/A¢> + An*> > 0.4
between any pair of particles, where A¢ and An are their
separations in the azimuthal angle and rapidity parameters,
respectively. In addition, we have implemented the following
basic acceptance cuts:

(i) The charged leptons must satisfy the transverse
momentum p5 > 10 GeV and rapidity |n,| < 2.5
cuts. In addition, the invariant mass corresponding to
the OSSF lepton pairs must satisfy M+, > 5 GeV.

(ii) We also demand a veto on any b jets with p}; >
30 GeV and |5;,| < 2.5. This will help us reject a
large portion of the 77V, fth, Vh background, as all
these processes give rise to multiple b quarks in the
final state. However, a part of the BSM signal events
from A, production gets affected due to this cut as
the CP-odd scalar dominantly decays via A, — Z'h;
with h; decaying to bb.

For this study, we fix the light gauge boson mass at
My = 115 GeV. Our goal here is to find suitable kinematic
variables that can help us enhance the signal vs background
ratio. In Fig. 6, we present the normalized distribution of
these variables. In the top row of Fig. 6, we illustrate the
invariant mass distribution of eTe™ and upu~ pair for the
signal and SM background. In the signal distribution, most of
the OSSF lepton pairs come from the Z’ decay. As a result,
one can see a sharp peak of around 115 GeV for all the BPs.
However, the neutral scalar s, can decay via h, - ZZ'
modes and, as a consequence, a part of the signal events peak
around the Z boson mass. In the case of SM, a dominant part
of the OSSF lepton pairs are from the Z decay. Therefore, a
cut to remove the Z peak in both e e~ and y+ .~ distributions
would help us reduce a good fraction of the SM backgrounds,
specifically for the case of 47 + jets.

Apart from the four leptons, the final state of the signal

can also contain additional jets or missing energy as
opposed to the pure 4¢ backgrounds. This motivates us

to demand a missing transverse energy (E7) cut for the

signal while we inclusively keep all jets (including even
hard jets with a minimum pz; > 30 GeV) in our signal
events. To reduce the pure continuum 4£SM background
we impose that the signal events must have a minimum
E; > 30 GeV. This helps us reject more than 90% of the
dominant SM background in the 47 + jets. Our next goal is
to find a suitable kinematic variable that further improves
the signal efficiency against the SM background. In the
bottom row of Fig. 6, we present the transverse momentum
distribution of the leading [p7(#;)] and subleading charged
lepton [p7(Z5)], respectively. As pointed out earlier, most
of the charged leptons originate from the decay of the Z’
boson for the signal events, which is produced as a decay
product of the heavy scalars. As a result, these leptons
would be moderately boosted for all three benchmark
scenarios. On the other hand, for the SM background,
the charged leptons are produced due to the decay of W and
Z bosons, and the corresponding distribution peaks
around pT(fl/f2)~M‘;“/Z. By imposing pz(#;) > 90
and pr(¢,) > 60 GeV cuts, we manage to reduce the
SM background significantly while keeping the majority
of the signal events. Finallyy, we have imposed
M,, > 200 GeV, which essentially captures the energy
scale for the processes contributing to the signal events. As
the effective scale of the BSM signal involves the pro-
duction of heavier particles than the SM, a strong cut helps
us improve the signal vs background ratio further.

We present the result of our analysis along with the
respective cuts in Table IX for an integrated luminosity
L = 3000 fb~!. The signal significance S is calculated
using the formula

so Pleenos(2)] e

where s and b denote the signal and background events,
respectively. The significance corresponding to each of the
benchmark scenarios is mentioned in the last row of

TABLE IX. The cut-flow information on the pp — 4¢ + X process for both the signal and background along with the significances
for BP1, BP2, BP3 at the 14 TeV LHC for 3000 fb~! integrated luminosity.

£ = 3000 fb! SM background Signal
Cuts 47 + jets vvv w*Z Vh tth BP1 BP2 BP3
Ny>4, Mpip- >5GeV, N, =0 44820.0 776.4 443 4 307.2 398.88 35.1 92.37 104.7 74.46
M+ p- < 80 or My+p- > 100 GeV 3864.9 9.6 21.24 82.59 22.71 19.32 38.7 56.67 48.3
N;>0 1399.2 6.45 20.31 49.56 7.32 17.07 35.34 51.57 43.5
Er > 30 GeV 102.72 4.83 18.42 39.63 5.1 15.57 29.34 40.11 354
pr, > 90 GeV 35.76 3.21 10.89 13.2 1.5 7.98 27.0 38.46 34.59
pr,, > 60 GeV 22.41 1.62 9.9 0.78 54 24.99 36.9 33.27
My, > 200 GeV 19.38 1.62 3.3 0.66 5.13 24.18 36.33 33.27
Total events after cuts 36.6 24.18 36.33 33.27
Significance (S) 3.64 5.28 4.88
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Table IX. One can notice that the signal process corre-
sponding to BP2 shows maximum discovery potential as
compared to BP1 and BP3. For BP3, the scalar production
cross section is the lowest but it still gives significance of
around 5o because of the larger branching probability to the
Z', as the BP has the maximum value of g,. On the other
hand, for BP1, the BSM scalar production is the maximum
but it yields a smaller branching probability to Z’ since
g, = 0.3 is the lowest value in all BPs. Note that a larger g,
for BP1 would give a greater significance but also take it
closer to exclusion from the existing ATLAS analysis
discussed in the previous section. We thus find that the
inclusive multilepton signal for scalars in a 2HDM gains if
a light Z’ that is very weakly coupled to the SM sector can
contribute to its decay modes. The reach for the scalars
would improve significantly and scalars with masses above
350 GeV will be discoverable at the very high luminosity
option of the LHC.

V. SUMMARY AND CONCLUSION

The 2HDM scalar sector is a widely studied BSM scenario
with interesting phenomenological signals. The minimal
models of 2HDM where the SM is only extended by another
Higgs doublet have very limited channels of discovery at the
LHC. In this work, we consider a 2HDM in a model with
U(1) gauge extension of the SM that is responsible for light
neutrino masses and a possible DM candidate. The scalar
sector of the model has a doublet scalar and two SM singlet
scalars that are charged under the new gauge symmetry.
All the SM fields are neutral under this additional U(1)y
symmetry. These new scalars break the new gauge symmetry
spontaneously, resulting in a massive gauge boson Z’ in the
particle spectrum. Additional SM singlet fermions in the
model are responsible for the SM neutrinos becoming
massive via the popular inverse seesaw mechanism. The
7' can interact with the SM fields via the GKM and the
Z — 7' mixing angle @ that is restricted to values <1073 for
light Z' with mass <150 GeV, making its direct production at
colliders very difficult.

We revisit the signals for the scalars of the 2HDM in this
model where a new channel opens up into the light Z’.
We consider its production at LHC from the decay of
the scalars from the second doublet as they are charged
under the U(1)y symmetry. These scalars, produced at
the LHC, decay into boson pairs via channels such as

7

. € Sy’ . .
’( ’ (Ts — Qsiy) + diucor (T3—Qf)>7‘ PL—Z<
~ SWCwW

(H* > W*Z hy > VV (V=W*,Z,7"),A, - W Z'(Z)).
The subsequent decay of the unstable particles can produce
multilepton final states that would extend the reach of the
scalars beyond current bounds. We choose the most
sensitive of all the final states, i.e., the 47 + X signal,
and analyze the discovery prospects at the LHC. We find
that the multilepton searches by the CMS and ATLAS
Collaborations constrain our parameter space. We evaluate
the bounds on our model parameter space using the ATLAS
search of four lepton final states using RIVET. We then
consider some benchmark points with M, = 115 GeV for
different values of the scalar masses and perform a cut-
based analysis to show the signal sensitivity for the 2HDM
scalars in the 42 + X channel. We find that the presence of
alight Z’ allowed by current experimental bounds improves
the signal sensitivity and has discovery potential for scalars
with mass greater than 350 GeV with 3 ab~! integrated
luminosity. This reach is dependent on the U(1)y gauge
coupling (g,), which controls the decay probability of the
scalars into the Z'. A large value of this coupling will
improve the reach further as the decay branching proba-
bility of the scalars to the Z’ increases with g,.
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APPENDIX A: FEYNMAN RULES

We describe below the Z’ couplings with SM fermions.
Let sy = sin @y and cy = cos 6y, where 6y, refers to the
Weinberg angle. Similarly, we define sy =sin@ and
cg =cos@, with @ being the mixing angle between the
Z and Z' bosons. The isospin is represented by 7’5, and the
electric charge of the fermions is denoted by Q. The

projection operators are expressed as P; /z = 1:;“,

€S

9/
Qrsiy + g;@’Qf)'Y“PR-
swew
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APPENDIX B: DECAY WIDTH

The expressions for the couplings g,,77, gn,zz- and ga,; 7 can be found in Table III.

APPENDIX C: GAUGE KINETIC MIXING AND Z' MASS

The kinetic part of the gauge fields in this model is given by

1 1 1 1 1
£ =1 GGl = W W), = 2 BB, — 7 C"C,, + 5 GB"C,,.

The kinetic term becomes diagonal with the correct coefficient by applying the following field redefinitions:

Bi—pry I
1

o=t _cm

V1-7

(C1)

(C2)

(C3)

After obtaining the canonical form of the gauge boson kinetic term using the above field redefinitions, we can now extract

the gauge boson mass terms from the kinetic terms of the scalar,

Ly gasge = (D*(H,))'D,,(H,) + (D*(H,))"D,,(H>) + (D*(S))"D,,(S) + (D*($2))"D,i(S>).

where

<H'>—(%)’ <H2>_<?>, ="k (S)=x

The mass terms for the gauge bosons are as follows:

095011-14
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PWi=giB, (W) —iW}) > <77'5> ?

1
Loy gauge = ~
4‘<gz<w,£+iw,%> ~Wi-9B,/\ 0

1 W3 - ¢,B, —2g,C Wl —iw? 2 |2 1
—‘(gz o ng b W) )<ﬁ> +2g§(v%+—v%2)cﬂal
4 g2(W/4 + lW/l) _QZW/} - ngy - ZgXC[l 0 4

LETIPTRN ?
ik wyw +§111

(gzwz - 913,/4 - &C/)

Vi-g

glg / 2gx !
W3 —g,B, - C - C)
<2 T A T - "

Without loss of generality, we do the following redefinitions in the coupling to get simplified expressions:

2+2g%(v%+%v§2)
(1-7%

1
+§U%

C,CH,

/ 919 7. (C6)

gx:\/li——gz’ 9 = 9\ 1 =7
In the (B, W;C,)" basis, the mass matrix for the neutral gauge bosons is given by

1 giv? —g19,0* 91(gev? + 2g,03)

M? = 1 —g1920* gv? -0 (gv* + 2g,03) . (C7)
91(ghv* +29,03)  —ga(ghv® +29,03)  g2v? + 49,003 + 463 (v3 + 4v? + 02)

The mass matrix for the neutral gauge bosons can be diagonalized as follows:
(i) First we rotate Wft and B;’l to get A, and X,

A, cosOy sinfy O B,
X, | =| —sin6y cos@y 0| W], (C8)
c, 0 o 1)\c

where tan 0y, = Z_; The mass term for the neutral gauge boson then becomes

1 1 1
Cmamee = 3 0100X, = G + g 30X, =+ 200G, + 222+ 3 ) Gen, (©9)

where g. = \/g,% + ¢5. The absence of a mass term for A, in the above expression indicates that it remains massless
and can therefore be identified with the photon. The angle 6y, corresponds to the Weinberg angle, as we get in
the SM.

(ii) Now, the mass matrix of X, and C, is given by

3 1 2,2 —g.(q.v* + 29,12
W =_ ( ( 9z 9:(g 9:03) ) (C10)
=9

gv? +29:03)  g2v? +4gugiv3 + 4gi (v + 4uf + 0],

The above mass matrix can be diagonalized by the orthogonal transformation between X, and Cj, as follows:

Z, _ cos® sind\ /X, N
z, —sind cosd C, ’

where
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2g.(gv* + 2g,03)

tan 20’ = . (C12)
P+ 4g, g v3 + 4gi(v3 + 403 + 03) — g20?
After the diagonalization, the mass of the physical gauge bosons is
1
Méz, =3 (G20 + g20* + 4g,dv3 + 492 (03 + 402 + v2)]
1
T3 \/( R0+ 4g,ghv3 + 4gi(v3 + 403 + 03,) — 207)* + 4g2(ghv* + 2g,03)°, (C13)
and the final mixing matrix becomes
B, cosfOy —sinfy cosl + z—] sin@ sin @y, sin@ + g—jcos o A,
wi | = sin Oy, cos Oy cos & —cos Oy sin @ Z, |. (C14)
2 2 2 (/2
Cy 0 sin @ Y=~ qg‘lﬂ cos @ Y= q;]ﬂ . Z,

APPENDIX D: STABILITY OF THE SCALAR POTENTIAL

All the stability conditions are valid up to 10 TeV. We have also checked that all the unitarity constraints are satisfied in
our analysis. We do not demand our model to be UV complete, so the vacuum stability and unitarity constraints do not cause
any problems at the energy scale we are working with. For details, please see Fig. 7 and 8, respectively.

mCHy WC mC3 mCy EMCy; HECGy mC; mCg mCg EW(Cig W Cyy
20 [T
8 :" 8
2 15} 1 o 10
g 1 g
O 10' 'o' ] (@) 6
z PO
g o 1 84
PN e w 2
0----A--1--A--A--A--A--T--A--A--A--A--l--A--A--T--A-- O'A n 1 n n n n 1 n n n n 1 n n n n
2.5 3.0 3.5 4.0 25 3.0 3.5 4.0
Logo HIGeV] Logqo vGeV]
FIG. 7. Evolution of the stability conditions under the renormalization group flow.
BAp EA BAg EAT mA L, EA IA152 l}\ZS2
o5p T T ] 0-06"""”"”"”",
2.0 0.04} ]
_ 1.5} et 002}
< T ] < JPEAUPE L ]
[ SRR L L ] 0.00 == Agmam—
03¢ ] ~0.02f .7 :
0.0 ‘ ‘ ‘ ‘
2.5 3.0 3.5 4.0 2.5 3.0 3.5 4.0
Logyo piGeV] Log1o vGeV]

FIG. 8. Evolution of the scalar quartic couplings under the renormalization group flow.
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cp =420, cy =4 20, c3 =4, 20, cy = Ay 20,
Cs = A+ 24 20, co=Apn+ Ny +2/AA 20,
7= Ay +2¢/Aids 2 0, cs = A +2v/hidg 20,

Co = oy + 2/ Aads 20, €19 = Aagp > 421/ Aol > 0,

¢ = }“ss2 +2 V A’M’SZ > 0.

(D1)

APPENDIX E: UNITARITY CONSTRAINTS

/1152, /12s7 2/117 /Ils’ ﬂZsZ? 2/127 /1127 /112 + 1/12’ ’11 + /12 + \/(’11 - /12)2 + /1/122 + 4/12 ’

1

3 (/115 + Ay = \/(ﬂls = Jop)* + 4/1/122>’

1
3 (/11‘;2 + Ay £ \/(ﬁlsz — Aoy)* + 41/122>»

1
3 (412 20 4 A + \/ A2 + (A + 24, — 1532)2) 224, 20,

I Ay (= Do) A 30+ 30 (/90 — 1) + (202 + )2,

2, + 20 \J 22 + 4, — 1p)? < 8.
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